The effects of ultra-high pressure (UHP) treatment on the chemical properties, colour and sensory quality of young red wine were studied. UHP did not significantly affect the alcohol content, and the methanol content was higher than that of the control, with the latter first increasing and then decreasing with the increase in the pressure or period of treatment. The glycerol content was also markedly changed by UHP, although without a regular pattern. The pH value was not markedly changed by the treatments, and the contents of total acids and volatile acids were scarcely affected. The fructose and glucose contents were clearly changed according to the different treatment conditions. The tartaric acid, citric acid and lactic acid levels showed evident changes, whereas the malic acid level was not changed by UHP treatment. The trend of these changes was similar to what occurs during natural ageing. As the pressure of the treatment was increased to 200 MPa, the chroma value increased, followed by a decline upon higher pressure treatments. The hue of the wine was significantly changed by treatment at different pressures, reaching the highest value after treatment at 400 MPa and then decreasing with increasing pressure. The chroma and hue values of the wine were changed significantly according to the duration of the UHP. After UHP, the appearance, aroma and taste of the wine was improved, with the score for appearance obviously increased. When the wine was treated at 500 MPa for 30 min, its sensory quality received the highest score.
INTRODUCTION
Ultra-high pressure (UHP) processing, also called highhydrostatic pressure (HHP) processing, is a method by which food is sealed in containers or placed in water or other liquids under pressure to sterilise it and inactivate enzymes, or to change the functional properties of a product (Chen et al., 2012; Zhao et al., 2014) . Because this treatment has several advantages over the traditional methods for food conservation and hygiene, UHP treatment is of great value to the food-processing industry and has been widely applied to a range of different foods over the last several decades.
Wine is the second most popular alcoholic drink in the world Sun et al., 2014) . The UHP processing of wines has been studied, including its use in sterilisation as a substitute for the addition of sulphur dioxide and in accelerating ageing, among others (Sencer, 2012) . Wine is traditionally aged in oak barrels, which is a lengthy, very expensive and risky process (Chen et al., 2012) . Using advanced technologies such as UHP treatment, high-voltage pulsed electric field treatment, electromagnetic field treatment and microwave treatment to simulate this process would save much time and expense. Due to these advantages, a whole range of food products treated using the advanced methods, such as fruit juices, seafood and meat products, can be found on market shelves throughout the world, but no UHP-treated wine has been introduced into the market (Matser et al., 2004; Park et al., 2007; Sencer, 2012) , mainly because the correlation studies are still not sufficiently mature.
Many researchers have reported on the effects of the UHP treatment of wines, focusing mostly on certain aspects. Firstly, the effect of UHP treatment on the chemical composition of functional components, including phenolic acids, flavan-3-ols, proanthocyanidins (Chen et al., 2012) , anthocyanins (Morata et al., 2012; Del Pozo-Insfran et al., 2007) and volatile compounds (Morata et al., 2012) , have been studied. After UHP treatment, the concentration of phenolic acids was increased, whereas the levels of flavan-3-ols were decreased. The content and structure of proanthocyanidins was also changed by this treatment, with a trend that was similar to that occurring during natural ageing (Del PozoInsfran et al., 2007; Chen et al., 2012; Morata et al., 2012) . Furthermore, UHP treatment avoided the reduction of the volatile compound contents that occurs when using traditional techniques for microbiologically stabilising wines (Morata et al., 2012) . Secondly, the effect of UHP treatment on the stability of wines has been studied (Corrales et al., 2008; Tabilo-Munizaga et al., 2014) . It was found that UHP treatment may contribute to protein stabilisation (TabiloMunizaga et al., 2014) and cause anthocyanin condensation (Corrales et al., 2008) in wines. Thirdly, the effect of UHP treatment on pasteurisation or its use as a substitute for the addition of sulphur dioxide was studied, and the feasibility of UHP treatment for wine pasteurisation was demonstrated (Delfini & Conterno, 1995; Mok et al., 2006; Morata et al., 2012; Santos et al., 2013a; 2013b; Morata et al., 2015) .
In addition to the aspects mentioned above, the basic physical and chemical indices, sensory properties and colour are the foundation of wine quality (Li et al., 2006) . Whether UHP treatment affects these indices is also very important to the application of UHP technology by the wine industry. However, to the best of our knowledge, few studies have focused on the effect of UHP treatment on these indices.
Therefore, the aim of the present investigation was to analyse the effects of different UHP treatments on the basic physical and chemical indices, sensory properties and colour of wine. These results are expected to facilitate the successful use of UHP technology by the wine industry as soon as possible.
MATERIALS AND METHODS

Preparation of wine samples
The wine samples were obtained from Xinjiang, China, from the 2009 vintage, and the variety was Cabernet Sauvignon. Fresh wine was sampled directly from the fermentation tank, filtered and then stored at 15°C in bottles in the dark until the experiments were conducted. All of the experiments were completed within two weeks. The first group of wine was treated at 100 MPa, 200 MPa, 300 MPa, 400 MPa, 500 MPa and 600 MPa for 30 min. The second group of wine was treated for 5 min, 10 min, 20 min, 30 min, 45 min and 60 min at 500 MPa. Untreated wine was used as the control group. The wine was placed in 100 mL polyethylene terephthalate bottles for UHP processing. The UHP treatments were conducted using a hydrostatic pressurisation unit (HPP-650, Baotou Kefa Co. Ltd., Baotou, Inner Mongolia, China) with a capacity of 7.0 L at ambient temperature (approximately 25°C). This unit pressurised at 2 MPa/s, and the decompression time was less than 3 s. Distilled water was used as the pressure-transmitting fluid. The pressureholding treatment period in this study did not include the pressurisation and decompression periods. Under adiabatic compression, the temperature of the water increases approximately 3°C for every 100 MPa pressure increase at room temperature (Pehl et al., 2000; Balasubramaniam et al., 2008) . When pressurisation was accomplished, the sample temperature quickly dropped to its initial temperature due to the heat transfer from the samples to the stainless steel wall of the vessel (Chen & Hoover, 2003) . Therefore, when the initial temperature of the treated wine was approximately 25°C, due to the non-adiabatic conditions and the compressedheat transfer, the highest sample temperature reached (when the pressure was 600 MPa) was far less than 40°C during the UHP treatments in this study. The contribution of the estimated highest sample temperature reached during UHP treatment to the tested indices was considered negligible (Zhao et al., 2014) . All of the treated samples were filtered through a 0.45 μm organic Millipore filter prior to analysis (Merck Millipore, Billerica, MA, USA).
Determination of the physical and chemical properties
Fourier transform infrared spectroscopy (FTIR) was conducted using a wine analyser (F17-WineScan FT120, Foss Co., Ltd., Hillerød, Denmark) to determine the physical and chemical properties of the samples. This instrument could rapidly analyse many indices of the wine samples, including the contents of alcohol, methanol and glycerol, the pH value and the contents of total acids, volatile acids, fructose, glucose, tartaric acid, citric acid, lactic acid and malic acid, among others (Soriano et al., 2007) . Before analysis, standards were used to calibrate the instrument. The wine samples were analysed directly without any further treatment.
Determination of the chroma and hue values
After the pH of the samples was adjusted to 3.6, the samples were filtered through a 0.45 μm membrane, and then, using deionised water as the blank control, the absorbance values at wavelengths of 420 nm, 520 nm and 620 nm were measured in triplicate using a UV-1601 ultraviolet spectrophotometer (Shimadzu Co. Ltd., Kyoto, Japan). The chroma value was the sum of the absorbance values at 620 nm, 520 nm and 420 nm, and the hue value was the ratio of the absorbance values at 420 nm and 520 nm (Wyszecki & Stiles, 1982; CIE, 2004) .
Evaluation of the sensory quality
The samples treated using UHP were evaluated in triplicate by six professionals skilled in blind tasting (GB/T 15038, 2006; Han & Tong, 2009 ). The panellists were trained at the Beijing Key Laboratory of Viticulture and Oenology of the China Agricultural University, and included two males and five females of ages ranging from 20 to 50 years, all of whom were experienced tasters and had previously participated in similar studies. The sensory evaluation was performed using the descriptive analysis method (Winiarski et al., 1996; GB/T 15038-2006; Han & Tong, 2009) . Judging was performed in a professional-standard room that met the ISO Norm 8589 (1988). The taste evaluation table was slightly modified from that of Winiarski et al. (1996) and is shown in Table 1 .
Statistical analysis
The experimental results were presented as the mean values ± SE of three parallel measurements. The statistical analyses were performed using the SigmaPlot 11.0 program and SPSS 17.0 software.
RESULTS
Effects of UHP treatment on the physical and chemical properties of young red wine Alcohol, methanol, glycerol and pH
The effects of the treatments on the alcohol, methanol and glycerol contents and the pH value of the wine are shown in Table 2 and Table 3 .
After treatment at increasing pressure levels or durations, the alcohol content was decreased, but not significantly so. The methanol content of almost all of the UHP-treatment groups was higher than that of the control, with an initial upward trend and then a downward trend as the pressure level or treatment period was increased. The glycerol content was also markedly changed by the UHP treatment, although there was no regular pattern of change. The pH level was not markedly changed by treatment.
Total acids, volatile acids, glucose and fructose
The effects of UHP treatment on the total acid, volatile acid, glucose and fructose contents of the wine were investigated. The total acid content (TC), also known as the titratable acidity, reflects the degree of dissociation of the total acids and their ability to form salts, which determines the acidity of the wine. UHP treatment (using different pressure levels or treatment periods) had little effect on the TC, as shown in Fig. 1 . The volatile acid content of wine can reflect its hygienic condition (Li et al., 2006) , and it can also be seen from Fig. 1 that the different UHP levels and treatment period had little effect on the volatile acid content.
The main monosaccharides in grape juice are glucose and fructose. Both of these are fermentable sugars, but their fermentation pathways are different. During wine fermentation, yeast will give priority to glucose (Li et al., 2006; Tronchoni et al., 2009) ; hence, the ratio of the glucose and fructose contents will decline. At the end of fermentation, fructose is the remaining monosaccharide in wine (Li et al., 2006) . As seen in Fig. 1 , after treatment under different conditions, the contents of fructose and glucose showed a certain degree of fluctuation, whereas the change in the glucose content was more obvious.
Organic acids
Variations in the four types of organic acids in the treatment groups, namely tartaric acid, citric acid, lactic acid and malic acid, are shown in Fig. 2 . In general, the contents of tartaric acid, citric acid and lactic acid were significantly altered by treatment (P < 0.05), whereas the malic acid content was not dramatically different from that of the control. Specifically, as the pressure was increased, the tartaric acid content first decreased and then increased, whereas the contents of citric acid and lactic acid showed an overall rising trend. Secondly, after treatment for different periods, the levels of the four organic acids were also significantly changed (P < 0.05), with the tartaric acid content declining as the treatment period increased, whereas the content of lactic acid increased and that of citric acid and malic acid fluctuated and changed.
Effects of UHP treatment on the chroma and hue values of the young red wine
The changes in the chroma and hue values of the wine due to the processing conditions are shown in Fig. 3 . After treatment with different levels of UHP, the chroma value of the wine was 
Ageing potential Typicality
Total description
Total score (100) 
TABLE 3
The effects of different treatment periods on the alcohol, methanol, and glycerol contents and the pH level The values are the mean values ± SE.
dramatically changed (P < 0.05). As the treatment pressure was increased, the chroma value was increased, reaching the maximal level after 200 MPa of treatment, followed by a decline as the pressure increased, until it reached the lowest level after 500 MPa of treatment and then plateaued. The hue value of the wine fluctuated and was significantly changed (P < 0.05) by treatments at different pressures, reaching the highest value after treatment at 400 MPa and then decreasing as the pressure increased. The chroma and hue values of the wine were significantly changed by UHP treatment for different periods. It is evident from Fig. 3 that the hue value was increased by 5 min of treatment, but when the treatment period was increased to 10 min, the hue value dropped to the lowest level, after which it followed an upward trend, reaching the highest value at 30 min of treatment, after which the value decreased as the treatment period increased. UHP treatment increased the chroma value of the wine, which reached the maximal level after a 200 MPa treatment and then followed a downward trend with treatment at Effect of UHP on Young Red Wine increased pressure levels. As the treatment period was extended, the chroma value first decreased and then showed an upward trend. The total values fluctuated but generally increased. Certain levels of high pressure can promote the participation of anthocyanin in condensation reactions, resulting in the formation of the pigment polymers that deepen the colour of wine and raises its chroma and hue values (Wang et al, 2012; Huang et al, 2013 ). However, a higher level of pressure may damage the structure of anthocyanin and other pigmented substances, resulting in lower colour values.
Effects of UHP treatment on the sensory quality of young red wine
The effects of the treatments on the sensory quality of the wine were evaluated by six professional tasters, and the results are shown in Fig. 4 . Fig. 4A shows the effects of UHP treatment at different pressures on the appearance, aroma and taste of the wine. It can be seen from this figure that the appearance and taste of the wine were improved by these UHP treatments, but the changes are not apparent.
Whereas the aroma score was not significantly changed by treatment, the appearance score was obviously increased, with the highest score achieved when using 100 MPa. As shown in Fig. 4B , as the treatment period was prolonged, the appearance and taste values of the wine were increased significantly, whereas the aroma value was not. Figure 5 shows the trends in the sensory evaluation scores according to the pressure and duration of treatment. After treatment at 100 MPa, the sensory score was greatly increased but, as the pressure was increased the score decreased, and then it was increased to an even higher level after treatment at 500 MPa. As the treatment period was prolonged, the sensory score showed an upward trend in volatility, and reached the highest score at 30 min.
DISCUSSION
After water, ethanol is the second most abundant compound in wine, and it is produced mainly from sugar during alcoholic fermentation; the alcohol content is always represented by the volume percentage of ethanol (Li et al., 2006) . During fermentation, the solvent properties of ethanol may promote The values are the mean values ± SE.
the dissolution of polyphenols and aromatic substances, whereas the presence of ethanol and acids maintains the stability of wine (Li et al., 2006; Villamor & Ross, 2013) . Ethanol can react with acids such as tartaric acid or malic acid to generate the corresponding ester compounds, and can react with aldehydes to generate acetal derivatives. but sulphur can prevent these reactions. After the various UHP treatments, the alcohol content of the wine was slightly lower, which may be because the UHP treatments promoted the association of ethanol and water molecules, or esterification reactions (Sencer, 2012) . Glycerol, the third most abundant compound in wine, is a by-product of alcohol fermentation and gives wine a smooth taste (Li et al., 2006) . Under high-pressure conditions, intermolecular distances are shortened, which is beneficial for the association of these molecules; however, the highpressure energy can promote the esterification reaction of alcohol molecules, which may be the reason for the change in the glycerol content (Tao et al., 2012; Zhao et al., 2014) . However, it is difficult to provide a reasonable explanation for the irregular pattern of change.
Organic acids are the important taste compounds in wine. Many factors can affect the types and levels of these compounds in wine, including the grape variety, the production area and the brewing and ageing processes used (Zheng et al., 2009) . The organic acid content also affects the acidity of wine and plays an important role in its colour (Li et al., 2006) . Tartaric acid, malic acid, lactic acid, citric acid and succinic acid are the five most important types of organic acids in wine, with lactic acid and succinic acid being produced during fermentation. The solubility of tartaric acid is affected by temperature, and some tartaric acid will precipitate during storage; moreover, during ageing, tartaric acid is esterified to generate the corresponding ester compound. During the malolactic fermentation step in the winemaking process, the malic acid content rapidly declines, while lactic acid is generated, making the taste of the wine softer. During the ageing process, malic acid and lactic acid participate in a variety of reactions, such as enzymatic reactions and oxidation-reduction reactions (Lamikanra, 1997) . Studies have shown that, during ageing in bottles, the contents of tartaric acid and malic acid in wine decrease and the contents of citric acid and lactic acid increase (Wang et al., 2013) . With the increased pressure levels and treatment periods, the tartaric acid content followed a downward trend, whereas the contents of citric acid and lactic acid increased with a trend similar to what occurs during natural ageing.
The degrees of chroma and hue are important indices that reflect the quality of wine. The chroma level reflects the degree of colour depth, and factors such as the concentration of anthocyanin and the aggregation of anthocyanin and auxiliary pigments affect the chroma level. The main pigment compound in young wine is anthocyanin. Free anthocyanin monomers make wine purple and, during the process of wine maturation and storage, anthocyanin and tannin polymerise to form new pigmented compounds (García-Puente et al, 2006) , with the anthocyanin monomers gradually being replaced by oligomers and polymers, which gradually turns the colour of the wine brick-red. During wine ageing, the unstable anthocyanin monomers are gradually replaced by stable pigmented polymers, which increase the chroma value. The level of hue reflects the degree of maturity of the wine, and the higher the value, the more yellow is the colour of the wine, and vice versa. The hue of wine is closely related to the types and levels of polyphenols present. During the later stage of wine fermentation and in the ageing period, the 4-C and 5-OH groups of anthocyanin react with acetaldehyde, pyruvic acid, vinyl phenol, catechol vinyl, 4-ethylguaiacol, proanthocyanidin dimers or acetone, forming pyran ring structures and generating pyranoanthocyanin, which turns the colour of wine from purple to brick-red and increases the hue value (Han et al., 2008; . UHP treatment changed the chroma and hue values of the wine, with the chroma value generally decreasing and the hue value generally increasing. Under UHP, the volume of the wine is compressed and the internal molecular-energy level is increased, both of which could promote the formation of pigment polymers. As a result, after treatment at 200 MPa for 30 min, the chroma and hue values of the wine were significantly increased. Moreover, UHP treatment can force the residual oxygen in the container into the wine, promoting the oxidisation of pigmented compounds (Iland et al., 1998) , which may reduce the chroma level.
Ageing is an important part in the process of wine production; it is the maturation process of wine (Li et al., 2006) . In the ageing process, a series of slow and complicated changes in the physical, chemical and biological chemistry will occur in wines, which will then be endowed with a complex flavour and more soft and mellow taste, while the stability will also be improved (Li et al., 2006) . Water and alcohol are the main components in wine, and in the ageing process the water molecules become associated with the alcohol molecules to make the taste more soft and mellow. At the same time a variety of complex chemical reactions take place, including the degradation of anthocyanidin, the polymerisation of anthocyanins and tannins and the oxidation of phenolic substances. UHP compresses the wine volume and changes the distance between the molecules and rearranges them, promoting associations between the molecules. The energy provided by UHP could enhance the molecular activation energy, promote the reaction of esterification, polymerisation and oxidation, and hence improve the colour, aroma and taste of wine (Sencer, 2012) . This is supported by the results of the sensory quality test, which showed that the sensory scores for the wine undergoing 100 MPa to 600 MPa pressure treatments were all increased. The highest scores, and thus the greatest sensory quality of the wine, were recorded after treatment at 500 MPa for 30 min.
CONCLUSIONS
The UHP treatment of the wine changed the levels of some of its physical and chemical parameters, as well as its sensory quality. The alcohol content was decreased by UHP treatment, but not significantly so. The methanol content of almost all of the UHP-treatment groups was higher than that of the control, with a trend of first increasing and then decreasing with the increase in the pressure or the treatment period. The glycerol content was also markedly changed, although no regular pattern was observed. The pH level was not markedly changed by the treatments. The UHP treatments (at increased pressure levels or durations) had little effect on the total acid or volatile acid contents. The fructose and glucose contents were changed by treatment under the different conditions, with the fructose content showing a certain degree of fluctuation, whereas the change in the glucose content was more obvious. Moreover, the contents of tartaric acid, citric acid and lactic acid were significantly altered by the UHP treatment (P < 0.05), whereas the change in the malic acid content was not dramatic. These are trends similar to those observed in natural ageing. As the pressure level of the treatment increased, the chroma value increased up to 200 MPa, when this value peaked, after which increasing the pressure decreased this value and it reached the lowest level after 500 MPa of treatment and then plateaued. The hue value of the wine was significantly changed (P < 0.05) by treatments at different pressures, reaching the highest value upon treatment at 400 MPa and then decreasing with increasing pressure. The chroma and hue values of the wine were significantly changed by UHP treatment for different durations. The hue value was increased by 5 min of treatment, but when the treatment period was increased to 10 min, the hue value dropped to its lowest level, and then followed an upward trend, reaching the highest value at 30 min of treatment, after which the value decreased with the increased treatment period.
A sensory evaluation is an important supplement to instrumental determinations because it is an effective method of describing the sensory quality and style of a wine and making an intuitive, comprehensive judgement of its complex composition. After UHP treatment, the appearance, aroma and taste of the wine were improved, and the appearance score obviously increased. When the wine was treated at 500 MPa for 30 min, its sensory quality received the highest score, demonstrating that treatment under these conditions yielded the most obvious improvement in the quality of the wine.
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